IL-4 is crucial in many helminth infections, but its role in urogenital schistosomiasis, infection with 20 Schistosoma haematobium worms, remains poorly understood due to a historical lack of animal models. 21
Introduction 38
The pathogenesis due to schistosomiasis is chiefly a product of type-2 granulomatous immune response 39 to the antigens secreted from the tissue-lodged parasite eggs [1] . The onset of egg deposition coincides 40 with interleukin-4 (IL-4) production, the key inducer of Th2 response [2, 3] . The induction of Th2 41 response co-occur with the downregulation of Th1 response [4] , and this immune phenotype is exploited 42 by the parasite to complete their development to reproductive maturity [5] , in addition to driving 43 immuno-pathogenesis by orchestrating granulomatous response against egg antigens [6] . Indeed, in 44 absence of this immune polarization, there is marked decline in tissue egg burden and egg-induced 45 pathogenesis [7] [8] [9] [10] . Egg secreted antigens induce release of cytokines to tightly regulate this otherwise 46 lethal inflammatory response [11] [12] [13] , allowing the parasite to survive for decades within the host; but 47 Figure 1, there was significant reduction in the size of bladder granulomas in IL-4Rα-deficient versus 83 wild type mice (p = 0.0347) ( Figure 1 and Figure S1 ). 84
We next conducted histologic examination of the egg-injected bladders. Low and high-power fields did 85 not reveal any apparent differences in microscopic granuloma architecture ( Figure 2) . These data 86 suggest that signaling via IL-4Rα helps determine the magnitude of the bladder granulomatous response 87 during urogenital schistosomiasis but may be dispensable with regards to development of granuloma 88 structure. 89 Figure S1 ). The size of 95 bladder granulomas in IL-4Rα-deficient mice was significantly reduced compared to wild type mice. 
B.
IL-4Rα KO mice were either challenged by bladder intramural injection with 3000 S. haematobium eggs 134 or sham bladder wall injection of hamster liver and intestinal extract. At week 4 post-injection, all 135 groups of mice, in addition to an unmanipulated naïve group of BALB/c mice, were administered BrdU 136 to label actively proliferating cells. Twenty-four hours after BrdU administration, bladders were 137 aseptically excised and subjected to flow cytometry to detect BrdU-labeled cells. As expected, there was 138 a significant increase in the proportion of bladder cells in both S-phase and G2/M phase in wild type, 139 egg injected vs. naïve mice (p = 0.0038 and p = 0.0026, respectively) and in wild type mice receiving a 140 sham bladder wall injection (p = 0.0117 and p = 0.0003, respectively) ( Figure 4 ). There was a 141 statistically significant decrease in the proportion of S-phase cells in the bladders of egg-injected IL-4Rα 142 KO vs. wild type mice (p = 0.0058, Figure 4) . Similarly, the proportion of cells in the G2/M phase was 143 significantly decreased in the egg-injected IL-4Rα KO mice (p = 0.0006), and sham treated IL-4Rα KO 144 mice (p = 0.0009), as compared to egg-injected wild type mice. Interestingly, there was also a significant 145 decrease in the proportion of S-phase cells in the egg-injected IL-4Rα KO mice (p = 0.0452) compared 146 to the sham treated IL-4Rα KO mice ( Figure 4B ). Taken together, these results indicate S. haematobium 147 eggs potently induce bladder cell cycle skewing in an IL-4Rα-dependent fashion. 148 
IL-4 receptor expression in the bladder is predominantly on the urothelium 160
Given the clear effects of IL-4 receptor signaling on S. haematobium egg-induced bladder pathogenesis, 161 we next sought to determine whether IL-4 can act directly on urothelial cells. We compared the 162 expression levels of IL-4Rα in the urothelium as compared to the detrusor smooth muscle cells (the 163 other major cell type in the bladder besides the urothelial cell) using real-time quantitative PCR (Figure 164 5). We observed an approximately 2-fold increase in the expression of IL-4Rα in the urothelium as 165 compared to the bladder detrusor. 166 167 Figure 5. IL-4R expression in the bladder is mainly localized to the urothelium. Bladders were 168 aseptically excised from mice followed by laser microdissection to isolate mouse bladder urothelium. 169
Urothelial and detrusor cells were assayed for IL-4R expression using qPCR, and urothelial expression 170 was calculated relative to detrusor expression. 171 findings in a human model system, we performed in vitro assays using recombinant IL-4 and the hum 176 urothelial cell line HCV-29. HCV-29 cells were co-incubated with increasing concentrations of 177 recombinant human IL-4, followed by assessment of cell proliferation and cell cycle changes. CFSE 178 assays verified that IL-4 triggers urothelial proliferation ( Figure 6 ). Cell cycle analysis revealed 179 concentration-dependent increases in the proportion of cells in the G2/M phase at 0.1µg/ml (p < 0.000 180 and 1µg/ml (p < 0.0001) of IL-4 ( Figure 7 ). There was also a concomitant concentration-dependent 181 decrease in the proportion of cells in the G0/G1 phase at 0.1µg/ml (p = 0.0008) and 1µg/ml (p < 0.000 182 of IL-4. 183 184 185 Figure 6. IL-4 directly drives urothelial proliferation. HCV-29 cells were stained with CFSE dye a 186 then analyzed by flow cytometry to evaluate for cell proliferation as quantified by dye intensity. Uppe 187 left panel, example of gating strategy for CFSE intensity. G3 denotes cells that have not proliferated, 188
and G1 denotes cells that have proliferated and as a result feature lower levels of CFSE staining. Low 189 panels show proportions of cells as a function of CFSE staining intensity and IL-4 concentrations. 190 
IL-4 drives urothelial proliferation via the IL-4Rα/PI3K/AKT signaling pathway 198
IL-4 signaling progresses through two receptor complexes: heterodimers of the IL-4Rα and IL-2Rγc 199 chain (type I receptor) and the IL-4Rα and IL-13Rα1 complex (type II receptor). These receptors trigger 200 signaling via one or more of three cascades, viz: STAT6, PI3K/AKT and the ERK1/2 signaling pathway 201 [26] . To ascertain the pathways through which IL-4 exerts its proliferative and cell cycle effects on 202 urothelial cells, we used phospho-flow cytometry to ascertain the IL-4-induced phosphorylation status of 203 relevant downstream proteins in MB49 mouse urothelial cells. Compared to urothelial cells incubated in 204 the absence of recombinant mouse IL-4, and urothelial cells incubated with or without IL-4 but stained 205 with sham antibody instead of phosphorylated AKT antibody, urothelial cells co-incubated with IL-4 206 and stained with phosphorylated AKT antibody showed a significant increase in the phosphorylation 207 status of AKT protein (p < 0.0001) ( Figure 8 ). We also found increased AKT phosphorylation in IL-4-208 exposed versus unexposed human urothelial HCV-29 cells ( Figure S3 ). There was relatively less 209 phosphorylation of STAT6 in HCV-29 urothelial cells, but this difference was nevertheless statistically 210 significant compared to controls (p = 0.0077) ( Figure S3 ). There was no change in the phosphorylation 211 status of STAT6 and ERK1/2 ( Figure S3 ). Moreover, bladder tissue from IL-4 receptor-deficient mice 212 exhibited less AKT phosphorylation after ex vivo incubation with IL-4 compared to tissue from wild 213 type mice ( Figure S4 of supporting data has been due to difficulties with modeling urogenital schistosomiasis. We have 228 previously shown that following micro-injection of purified S. haematobium eggs into the mouse 229 bladder wall, most of the morphological features and pathological changes reminiscent of human 230 urogenital schistosomiasis are reproduced in this tissue environment [1] . The response in this setting was 231 rapid in onset and localized, including induction of IL-4. In other studies, we also showed that S. 232 haematobium egg antigens induce IL-4 release from non-lymphocyte populations [20] , mainly by 233 activation via their surface Fcε receptors. Herein we sought to use our micro-injection technique to 234 define the role of IL-4 in schistosomal bladder pathogenesis. 235
Infection with S. haematobium can result in a wide range of bladder pathogenesis, such as fibrosis, 236 hyperplasia, dysplasia, squamous metaplasia, hematuria, and ultimately bladder cancer [29] [30] [31] [32] . The link 237 between S. haematobium infection and bladder cancer is so strong that the International Agency for 238
Research on Cancer considers urogenital schistosomiasis as a class-1 carcinogen, "carcinogenic to 239 humans" [33] . This parasitic infection is arguably one of the most important risk factor for bladder 240 cancer globally, synergizing with other determinants like smoking, diet, host genetics, other 241 environmental exposures and co-infection with other uropathogens [29] . Previously, we used p53 haplo-242 insufficient mice to demonstrate that loss of one allele of p53, in combination with S. haematobium egg 243 injection, was sufficient to induce pre-carcinogenic lesions in the bladder [31] . We have also reported 244 that massive shifts in DNA methylation occur in the mouse urothelium following bladder injection with 245 S. haematobium eggs, and that these methylation changes drive urothelial proliferation, a necessary but 246 not sufficient condition for bladder carcinogenesis [23] . Alterations in cell cycle regulation are 247 associated with genomic instability, neoplasia and cancer progression, all of which are characteristic of 248 urogenital schistosomiasis-associated bladder cancer [34] . We show here again that intramural injection 249 of eggs into the bladder induces potentially pre-oncogenic cell cycle changes in urothelial cells, marked 250 by increased S-phase populations and, interestingly, urothelial cell hyperploidy. Given that urothelial 251 hyperplasia is triggered by S. haematobium eggs and is a feature of pre-neoplasia [31], this intramural 252 egg injection model may be a step towards development of a tractable model of urogenital 253 schistosomiasis-associated bladder cancer. Together, this body of work suggests that studying host 254 responses to bladder wall injection with S. haematobium eggs may reveal important principles 255 underlying schistosomal bladder pre-carcinogenesis. urothelial cells to exogenous IL-4 and found that IL-4 induces urothelial proliferation. Interestingly, this 287 potentially pro-oncogenic effect is mainly via the IL-4Rα/PI3K/AKT signaling pathway and partly 288 mediated through the STAT6 arm of the IL-4Rα cascade. This is particularly interesting because the 289 PI3K/AKT and STAT6 arms of the IL-4Rα signaling cascade have been shown to be associated with 290 promotion of cell proliferation and inhibition of apoptosis [26, 46, 47] . Indeed, Conticello et al. noted 291 that IL-4 signaling enhanced urothelial and non-urothelial cancer cell resistance to CD95-and 292 chemotherapy-triggered apoptosis [25] . Studies on several IL-4Rα-dependent mechanisms have also 293 demonstrated pro-oncogenic effects of IL-4 signaling [46, 48] , including promotion of cancer 294 progression and metastasis in the bladder and other tissues [49, 50] . Conversely, strategies that block the 295 IL-4Rα signaling cascade have been combined with cancer therapies to improve efficacy and reduce 296 toxicity [26, 51] . Also, IL-4 and its fellow type 2 cytokine IL-13, as well as their cognate receptors, may 297 have potential as biomarkers for tumor aggressiveness [47] . Venmar et al. showed that attenuation of IL-298 4Rα via the PI3K/AKT pathway reduces breast tumor cell survival and metastatic capacity [52] . All 299 these studies are consistent with our observation that IL-4Rα signaling in the urothelium exerts a 300 potentially pro-oncogenic effect, chiefly via the PI3K/AKT signaling pathway. 301
Although, to our knowledge, our observations regarding direct effects of IL-4 on the urothelium are the 302 first to directly link type-2 immune responses to urogenital schistosomiasis and bladder pathogenesis, 303 they may have relevance beyond S. haematobium infection. For instance, IL-4 may be important in other 304 bladder-specific conditions, namely acute cystitis and overactive bladder [53, 54] . Future work focusing 305 on urothelial IL-4 receptor signaling in various diseases may reveal novel diagnostic and therapeutic 306 approaches and will promote our understanding of these conditions. 307
The work presented here has limitations worth noting. We have not ruled out an important role for 308 leukocyte-urothelial interactions. Our in-vivo and ex-vivo urothelial observations in IL-4 receptor-309 deficient mice could have been confounded by the lessened granulomatous responses to eggs, which 310 may have led to a dampened leukocyte-urothelial interface (whether mediated by cytokines and/or direct 311 cell interactions). However, our in-vitro findings that IL-4 can mediate direct effects on urothelial cells 312 indicate that it is possible that type-2-polarized immune responses may exert some of their effects on the 313 bladder through IL-4-induced urothelial actions. Subsequent efforts will further focus on urothelial-314 specific IL-4 receptor signaling.
Interestingly, we further observed that these urothelial changes were dependent on IL-4 receptor 319 signaling. The observation of features possibly consistent with pre-oncogenesis following urothelial 320 exposure to IL-4 underline the potential importance of IL-4R signaling in pre-oncogenesis, and 321 specifically urogenital schistosomiasis-associated bladder carcinogenesis. These IL- (Gibco) supplemented with 10% heat-inactivated FBS (Gibco) and 1× antibiotic-antimycotic (100 U/ml 338 penicillin, 100 µg/ml streptomycin, 0.25 µg/ml Amphotericin B; Gibco) under 5% CO 2 at 37 °C. 339
Resource Center at BRI. As previously described [21, 29] , the hamsters were sacrificed around 16-18 344 weeks after exposure, the livers and intestines were excised, which were then processed in a blender and 345 passed through sieves of pore sizes of 450, 180, 100, and 45 microns using cold 1.2% NaCl solution. 346
The material from the final 45-micron sieve was transferred to and swirled in a glass petri dish and 347 purified parasite eggs were collected from the center of the dish. Uninfected hamster livers and 348 intestines were similarly processed to prepare control (vehicle) hamster extract. 349
Mouse bladder wall injection 350
As described previously [21, 29, 55] , mice were placed under systemic isoflurane anesthesia, their 351 abdomens depilated and disinfected, and locally administered bupivicaine and buprenorphine. The 352 bladder was exposed through a laparotomy, and 3,000 S. haematobium eggs in 50 µl of PBS were 353 intramurally injected into the submucosal layer (bladder wall). Control mice were injected with 354 control/vehicle hamster extract. The incision was closed with 4-0 polyglycolic acid suture and 4-0 silk 355 suture, followed by local application of antibiotic ointment. 356 
Ultrasonographic imaging and histology of mouse bladders

Urothelial-specific flow cytometry 373
Mouse bladders were excised, cut in half, and digested in 2.5 mg/ml of dispase in PBS for 1 hour at 374 ambient temperature with shaking. Digested tissue was passed through 100-micron nylon cell strainers, 375 minced, digested with 0.05% trypsin-EDTA at 37 degrees Celsius for 30 minutes, and added to the cell 376 strainer pass-through material. The material was re-strained through another round of 100 micron nylon 377 cell strainers. Cells were then incubated with anti-mouse CD16/CD32 in staining buffer to block non-378 specific Fc-mediated interactions, and then incubated with antibodies specific for EpCAM, uroplakin 1b, 379
and CD45. For cell cycle analysis, cells were resuspended in DAPI solution (0.1% Triton X-100 + 4 380 micrograms/mL DAPI in 1X PBS buffer) for 37 o Celsius for 1 hour with shaking in the dark. Cells were 381 then washed and resuspended with staining buffer prior to data acquisition on a flow cytometer. 382 383
Cell cycle analyses and CFSE assay 384
The human bladder epithelium (urothelium) cell line HCV-29 was grown in T-75 tissue culture flasks in 385 complete DMEM media (Gibco) under 5% CO 2 at 37 °C. For cell cycle assays, 10 5 urothelial cells were 386 co-incubated with recombinant human IL-4 at 0, 10, 100, or 1000 ng/ml concentrations. Following 48 387 hours of culture, the cells were fixed and stained with propidium iodide for cell cycle analysis. For 388 CFSE assays to assess cell proliferation, cells were stained with the CFSE dye prior to stimulation with 389 IL-4 and cultured for 48 hours. The CFSE dye was evaluated post-culture by flow cytometry using the 390 FITC channel. The intensity of CFSE dye, which halves with each cell cycle, was used to track the 391 generations of urothelial cells. 392
Phosphorylation analysis of IL-4R signaling pathway
staining using the Cytofix/Cytoperm fixation and permeabilization kit (BD, USA) according to 395 manufacturer's instructions. Fixed and permeabilized cells were then stained with antibodies against the 396 phosphorylated forms of STAT6, ERK1/2 or AKT (ThermoFisher, USA). The stained cells were 397 analyzed by flow cytometry using a BD FACSCanto II equipment run with BD FACS Diva software 398 and analyzed on FlowJo software. 399
Laser capture microdissection and real-time quantitative PCR 400
Laser microdissection was used to isolate urothelial cells or detrusor smooth muscle cells from the 401 bladder, followed by real time PCR to measure IL-4R expression. Following cDNA synthesis using the 402 iScript cDNA synthesis kit (Bio-Rad, California, USA), real time PCR was performed using the iTaq 403 universal SYBR Green Supermix, following manufacturer's protocols. The primers used for real time 404
PCR are as follows: IL-4R (5'-TGGATCTGGGAGCATCAAGGT-3' and 5'-405 TGGAAGTGCGGATGTAGTCAG-3'). Relative gene expression was then analyzed using the C T 406 method with fold expression using the formula 2 (-∆∆C T ) with GAPDH as the internal reference and the 407 amplification signal from the detrusor cells as the baseline. 408
Statistics 409
Data analysis was performed using GraphPad Prism, version 6.00. One-way ANOVA was performed for 410 comparison across groups and if significant, post hoc student t-tests was then used for pairwise 411 
